There is significant clinical heterogeneity in language and communication abilities of individuals with Autism Spectrum Disorders (ASD). However, no consistent pathology regarding the relationship of these abilities to brain structure has emerged. Recent developments in anatomical correlation-based approaches to map structural covariance networks (SCNs), combined with detailed behavioral characterization, offer an alternative for studying these relationships. In this study, such an approach was used to study the integrity of SCNs of cortical thickness and surface area associated with language and communication, in 46 high-functioning, school-age children with ASD compared with 50 matched, typically developing controls (all males) with IQ > 75. Findings showed that there was alteration of cortical structure and disruption of fronto-temporal cortical covariance in ASD compared with controls. Furthermore, in an analysis of a subset of ASD participants, alterations in both cortical structure and covariance were modulated by structural language ability of the participants, but not communicative function. These findings indicate that structural language abilities are related to altered fronto-temporal cortical covariance in ASD, much more than symptom severity or cognitive ability. They also support the importance of better characterizing ASD samples while studying brain structure and for better understanding individual differences in language and communication abilities in ASD.
Introduction
Despite diagnostic commonalities, there exists significant heterogeneity in the language and communication abilities of individuals with Autism Spectrum Disorder (ASD) (Geschwind and Levitt 2007; Pelphrey et al. 2011) . Consequently, no universal pathophysiology underlying the development and evolution of these traits has emerged. In the current study, neuroimaging methods were combined with detailed behavioral characterization to better understand the relationship between brain structural covariance and individual differences in language and communication in ASD. These approaches may be used to better understand heterogeneity in ASD and related neurodevelopmental disorders (Lai et al. 2013; Ousley and Cermak 2013) .
Language and Communication Differences in ASD
Although no longer part of the core diagnostic criteria (Volkmar and Reichow 2013) , atypical structural properties of language (such as phonology, syntax, morphology, and semantics) have long been considered central to ASD (Tager-Flusberg et al. 2005; Boucher 2012 ). Moreover, language abilities are also strong predictors of later outcome in many individuals (Szatmari et al. 2003; Lombardo et al. 2015) . At the same time, there is significant clinical heterogeneity in language and communication abilities of individuals with ASD. (Tager-Flusberg et al. 2005; Boucher 2012; Taylor et al. 2014) . These may range from typical onset and development of language and communication abilities to significant difficulties in speech and language, as well as complete absence of verbal abilities in many cases (Tager-Flusberg et al. 2005) . Past research has typically focused on identifying differences between ASD and typically developing (TD) comparison groups as a basis to understand the development of these abilities. However, no clear and consistent pathology has emerged (Amaral et al. 2008; Amaral 2011; Ecker et al. 2015; Lainhart 2015) . The widespread heterogeneity of language and communication abilities, combined with their role in abnormal early development, makes it crucial to understand their link to brain and behavioral trajectories in ASD and to consider distinct subtypes of the disorder as components in research designs to better detect differences (Amaral et al. 2008; Lai et al. 2014; Lombardo et al. 2015) .
From a neurobiological perspective, language and communication have not been adequately distinguished. Our understanding of language networks in the brain comes from a multitude of studies encompassing language (sentence comprehension, word reading) as well as communication (pragmatics-related functions such as speaker intent, metaphor, and irony comprehension). In traditional neuroimaging studies, in ASD and other developmental disorders, participants are typically matched on full-scale or verbal intelligence quotients (IQ) rather than structural language abilities (Kana et al. 2006; Mason et al. 2008; Müller et al. 2011) . IQ is a global measure of cognitive ability but is not sensitive to core language and communication functions, leading to further heterogeneity in samples and possible inconsistencies between findings across studies (Dennis et al. 2009) . A growing body of evidence indicates that various socio-communicative abilities and higher order tasks are linked to structural language ability, even in IQ-matched individuals with ASD (Rippon et al. 2007; Black et al. 2009; Nadig et al. 2009 ). Consequently, there exist a number of standardized neuropsychological tests that have been used to characterize language and communication abilities as distinct traits in children, both typically developing and those with developmental disorders (Condouris et al. 2003; Taylor et al. 2014) . For example, the Children's Communication Checklist (CCC) and the Test of Pragmatic Language (TOPL) have been used to measure the pragmatic skills of individuals with ASD (Volden and Phillips 2010) , and standardized tests such as the Clinical Evaluation of Language Fundamentals (CELF-4) and the Peabody Picture Vocabulary Test (PPVT) have been used to assess structural language abilities in ASD (Boucher 2012) . It is essential to consider these measures in neuroimaging studies of language and communicative functioning in children with ASD to better understand the relationships between behavioral and neural profiles.
Two recent studies (Lai et al. 2014; Lombardo et al. 2015) have highlighted the importance of including language phenotypes in neuroimaging studies as a means of better understanding individual differences in brain anatomy as well as predicting future outcomes in individuals with ASD. While Lai et al. (2014) showed the relationship between structural language and neuroanatomy in older adults with ASD, the study by Lombardo et al. (2015) underscored the importance of neural signatures of language as significant predictors of later outcomes even in high-risk toddlers. However, most studies continue to use measures of IQ alone, to characterize clinical groups. There is urgent need to follow these up with more detailed characterizations of brain and behavioral phenotypes across the lifespan, to form clear and consistent theories about the pathophysiology of ASD, especially in the context of high variability. To address this, structural neuroimaging and behavioral profiling were combined in the present study, to better understand the neural mechanisms underlying the emergence of these traits in a group of school-age children with ASD.
Brain Connectivity Differences in ASD in Relation to Language
Although ASD is a behaviorally defined disorder, there exist significantly altered pathologies in terms of brain structure and function between ASD and TD comparison groups Lainhart 2015) . However, despite some common findings, there remain significant inconsistencies in results from neuroimaging studies of ASD. These differences across studies are likely due to variability in age and other sample characteristics such as symptom severity, quality control of data, and the brain imaging methods used (Amaral 2011; Uddin 2015) , in addition to the highly variable etiologies of the disorder (Geschwind and Levitt 2007; Ellegood et al. 2014) . However, 1 relatively consistent finding to have emerged in the last few decades is atypical brain connectivity in social and language-based brain regions in ASD. For example, altered brain connectivity between the frontal and posterior temporal regions has been related to social language and communication problems in ASD in numerous structural and functional connectivity studies (Belmonte et al. 2004; Kana et al. 2006; Di Martino et al. 2009; Müller et al. 2011; Eyler et al. 2012; Supekar et al. 2013; Maximo et al. 2014; Doyle-Thomas et al. 2015; Sharda et al. 2015) .
Although most brain connectivity research in ASD has focused on functional approaches, recent advances in structural imaging offer new insights to study anatomical connectivity in neurodevelopmental disorders. In particular, structural covariance network (SCN) analyses have been used to highlight differences in cortical structure and network development in both typical (Mechelli et al. 2005; Zielinski et al. 2010 ) and atypical populations (Zielinski et al. 2012; Bernhardt et al. 2013; Sharda et al. 2014; Valk et al. 2015) . SCN analysis is a non-invasive, statistically robust and well-replicated method that has been shown, in many cases, to reflect underlying white matter (WM) tracts as well as functional intrinsic connectivity networks (Raznahan et al. 2011; Evans 2013) . Structural covariance is observed as inter-individual differences in regional brain structure co-varying with other brain structures across the population (Mechelli et al. 2005; Alexander-Bloch, Raznahan, et al. 2013) . Such anatomical covariance is believed to arise from mutually trophic, developmental, and maturational influences (Mechelli et al. 2005) and has been shown to partly reflect underlying WM connectivity as measured by diffusion studies as well as functional networks. For example, in Lerch et al. (2006) , the authors showed that there was a high degree of structural covariance between the Broca's and the Wernicke's areas in the brain, reflecting the underlying arcuate fasciculus connecting them.
Other studies since have replicated the existence of large-scale intrinsically connected functional brain networks, such as the default mode network, that can be topographically represented as structural covariance patterns of cortical thickness (CT), cortical surface area (CSA), or volume, within and across individuals (Seeley et al. 2009 ). More recently, a study that compared various measures of structural and functional connectivity between and across species found that there was high correspondence between cortical thickness covariance and functional connectivity metrics in both human and rhesus macaques (Reid et al. 2015) . Additionally, structural co-variation has been corroborated by tract-tracing studies in animals, and spatial patterns of structural covariance appear to generally correspond to the spatial structure of WM tracts (Dombrowski 2001; Mitelman et al. 2005; Gong et al. 2012 ). As such, SCN analysis can provide a powerful tool to understand ASD phenotypes in terms of cortical and morphometric changes. It especially allows the study of individual differences in cortical structure associated with behavior, as has been demonstrated in previous studies (Lee et al. 2014; Voss and Zatorre 2015) . Moreover, SCNs allow one to study the nature of anatomical abnormalities in the context of large-scale networks rather than regional differences alone and may further help to unify inconsistencies from previous research on brain structure in ASD (Haar et al. 2014; Zielinski et al. 2014; Osipowicz et al. 2015) .
Despite their potential to inform about underlying patterns of network relationships in ASD, studies using SCN-based approaches have been limited. Most of these existing studies have reported differences in SCNs underlying socio-cognitive functions such as alexithymia (Bernhardt et al. 2013) , theory of mind (Valk et al. 2015) , and processes related to socio-emotional regulation (Zielinski et al. 2012 ), all of which identified large-scale perturbations in fronto-posterior networks. However, only one previous study investigated fronto-temporal SCNs of language and it did so in a small sample of lower functioning children with ASD (Sharda et al. 2014) . In the present study, fronto-temporal SCNs were studied in a larger sample of well-characterized, higher functioning children with ASD as a function of their language and communication abilities.
Study Objectives and Hypotheses
The main objective of the present research was to examine the role of heterogeneity in ASD, by better characterizing language and communication abilities in a group of school-age children. This research improves on previous studies by including a sample of school-age children with ASD who are not only matched on age and are of average IQ compared with the TD comparison group, but also come from a sample of quality-controlled (Ducharme et al. 2015 ) data with detailed behavioral characterization. The specific aims were as follows:
1. To characterize language and communication abilities in children with ASD using reliable and standardized neuropsychological measures. It was expected that children with ASD would have poorer language and communication abilities compared with TD controls. 2. To assess the cortical morphology (in terms of CT and CSA) and structural covariance in intrinsic networks of language in ASD and TD. It was expected that morphological differences in brain regions involved in social and communication functions (such as the frontal and temporal regions) would be observed and that interregional differences in the patterns of correlations of these particular regions would be altered in the ASD group compared with controls.
3. To study the modulation of cortical morphology and structural covariance of fronto-temporal networks by language and communication abilities in ASD and TD. It was expected that in a school-age, average-IQ sample of ASD, differences in higher order pragmatic and social communication abilities, rather than structural language, would modulate interregional differences in SCNs of fronto-temporal circuitry.
This is the first study, in a well-characterized and quality-controlled sample of children with ASD, to assess network-level differences in the context of language and communication abilities in ASD, rather than average group differences with an IQ-matched TD group alone. Aims 1 and 3 were carried out in a subsample of the ASD population for whom the measures were available. This has implications for better understanding individual differences in ASD and unifying heterogeneous findings from previous research.
Materials and Methods

Participants
Two groups of children in the age range of 6-16 years participated in the present study: 1) 46 boys with ASD and 2) 50 TD boys. Participants were recruited as part of the NeuroDevNet Autism Demonstration Project, a multisite initiative to study brain structural and behavioral development in children with ASD (Zwaigenbaum et al. 2011) . Participants were recruited and tested at 2 sites: 1) the Montreal Neurological Institute, in Montreal, Canada, and 2) the Holland Bloorview Kids Rehabilitation Hospital and the Hospital for Sick Children in Toronto. Individuals with ASD were diagnosed by expert clinical judgment (American Psychiatric Association 2000) informed by standard diagnostic measures including the Autism Diagnostic InterviewRevised (ADI-R) (Lord et al. 1994 ) and the Autism Diagnostic Observation Schedule (ADOS and ADOS-2; Lord et al. 2000) . The TD participants had no history of neurological or psychiatric illness based on self-report and medical history questionnaires. All participants had normal hearing. Exclusion criteria included IQ <75, gestational age of 35 weeks or less, a medical history of neurological disease, family history of ASD (for the TD group), or hearing impairment. While any primary psychiatric diagnoses were an exclusion criteria for TD, participants with ASD who had comorbidity with disorders such as ADHD or anxiety (and consequently were on medication) were not excluded from our sample due to the high incidence of comorbidity with such disorders in ASD (Leyfer et al. 2006) .
Cognitive and Behavioral Measures
Groups were matched on age (ASD: mean 12.9 years, SD 2.8; TD: mean 12.8 years, SD 3.3). IQ was assessed using the full-2 score on the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler 1999) consisting of the Vocabulary and Matrices subtests (Table 1) . While IQ was in the typical range for both ASD and TD groups, the mean IQ was significantly lower in the ASD group. Intellectual impairment is part of the ASD phenotype, with incidence estimated at about 70% (Miller et al. 2013) ; the heterogeneity of IQ within the ASD group reflects the cognitive variability present in the population and aids the generalizability of analytical results.
In addition to the WASI, a subgroup of ASD participants (n = 25) completed 2 clinical assessments, namely, the Clinical Evaluation of Language Fundamentals, 4th Edition (CELF-4) (Semel et al. 2003; Paslawski 2005) for assessing language ability and the Children's Communication Checklist-2 (CCC-2) (Bishop 1998) for assessing communicative function. The CELF-4 is a clinical tool for the identification, diagnosis, and evaluation of language in individuals aged 6-21. The CELF-4 tests abilities in core language skills such as word meanings (semantics), word and sentence structure (morphology and syntax), as well as the recall and retrieval of spoken language (memory). In the present study, the CELF-4 core language standard score (henceforth, referred to as the CELF-4 score) was used as a measure of overall structural language ability in ASD. The CELF-4 core language standard score is a standardized and norm-referenced score of general language ability. It is calculated by summing the scaled scores of subtests for word structure, sentence structure, recalling sentences, formulating sentences, concepts and following directions, word classes, and word definitions.
The CCC-2 is a parent/caregiver administered 70-item rating scale used to measure children's communication skills in domains of pragmatics, syntax, morphology, and semantics. The standard general communication composite standard score (henceforth, referred to as the CCC-2 score) was used in the present study as a measure of children's general pragmatics and communication ability. The CCC-2 general composite score has been devised to identify communication problems in children and is also a normreferenced standardized score derived from the sum of scaled scores of all subtests including coherence, initiation, context, and nonverbal communication. In addition, the Social Responsiveness Scale (SRS) was evaluated for these participants as an index of ASD symptom severity (Constantino et al. 2003) . Unfortunately, these measures were not available for the TD participants, and as such the relation between structural covariance and language measures in TD could not be assessed. Detailed demographics of participants can be found in Table 1 .
The present study was approved by local ethics committees at the Montreal Neurological Institute, the Holland Bloorview Kids Rehabilitation Hospital, and the Hospital for Sick Children. Written informed consent was obtained from parents of all participants, who gave their assent and were compensated for their time. Quality control of the collected behavioral data was performed through the LORIS database (Das et al. 2011 ).
Preparation for Neuroimaging
While neuroimaging techniques provide a key non-invasive tool to study the human brain in relation to behavior, there are a number of practical and technical challenges while conducting neuroimaging experiments with children (Kotsoni et al. 2006; Raschle et al. 2012) . Some of these include problems of movement, motivation, and alertness. Taking care to familiarize both parent and child to the procedure often helps in maximizing outcomes such as completion of planned scans and ensuring image quality while minimizing discomfort on the part of participants. To address these aims, the neuroimaging protocol included a detailed orientation procedure for parents and children. Audio-visual media aids and mock scanner trials were used in some cases to motivate the participants. Breaks were taken whenever required.
Image Acquisition and Quality Control of data
High-resolution anatomical MRI scans were obtained for participants at one of 2 sites (in Montreal or Toronto) using a 3 T Siemens Magnetom Trio TIM with a 12-channel head coil. An identical scanning protocol was used at both sites, and both scanners used version B17 of the Siemens software. Participants were scanned using a sagittal T 1 -weighted, magnetization prepared gradient-echo (MPRAGE) volume acquisition with a voxel resolution of 1 × 1 × 1 mm 3 . A generalized auto-calibrating partially parallel acquisitions (GRAPPA) acceleration factor of 2 was used.
Several stages of quality control were followed to prevent motion artifacts in the data. Images were inspected during the scan session, and scans were repeated when artifacts were present, whenever possible. A stringent 2-stage quality control procedure, developed in-house, was followed. In the first stage after data acquisition, all T 1 structural images were inspected in the LORIS neuroimaging database (Das et al. 2011 ) and rated in detail for quality defects, specifically: motion artifact, reduced dynamic range, variations in slice intensity, noise, ghosting, and incomplete brain coverage using a standardized procedure developed in our laboratory. There was no difference between groups in the degree of these artifacts. The scans that passed this stage were then entered into the surface-based processing pipeline. In the next stage, 2 independent raters (M.S. and N.E.V.F.) conducted a second round of quality control after the gray matter (GM) and WM surfaces were calculated (see section below). Both raters had extensive experience in evaluating MRI images and surfaces for artifacts. Using a customized procedure developed in the laboratory to assess quality of surface extraction, surfaces were assessed for the presence of problems in gyrification, GM or WM boundary correspondence with anatomy, or failure of the surface extraction, resulting in a rating on a scale of 1-5. Surfaces having a rating of ≥3.5 passed the quality control requirements, and those with lower scores were excluded from further analyses. Examples of surfaces with different kinds of QC failures are illustrated in Supplementary Figure 1 . Thirty percent (n = 43) of the scans that entered this second phase of quality control were discarded due to the presence of one or more of these defects. Subsequently, group and site differences in the rating scores were tested. There were no group differences (P = 0.65), no site differences (P = 0.61), and no significant group × site interactions (P = 0.56) on the quality control metrics of the surface images. A total of 30% of the surfaces were evaluated by both raters to establish interrater reliability using Cohen's Kappa (94%).
To ensure consistency in data across the 2 sites, the same scanner model and firmware version was used, as noted above. Both groups (ASD and TD controls) were recruited and tested at both sites (Montreal and Toronto) so that group differences would not be confounded with site differences. Before and throughout data collection, human and plastic phantoms were scanned to ensure that there were negligible differences across sites in imaging results. Additionally, site was used as a covariate in all statistical models.
Brain Structural Analyses
CT and CSA were estimated from the high-resolution T 1 images for all participants using CIVET 2.0 pipeline (Zijdenbos et al. 2002; Ad-Dab'bagh et al. 2006 ) running on the CBRAIN platform (Sherif et al. 2014 ) developed at the Montreal Neurological Institute (MNI). A 12-parameter linear transformation (Collins et al. 1995) was used to correct MR images for signal intensity nonuniformities using the N3 algorithm (Sled et al. 1998) , following which the images were registered to a standard stereotaxic MNI space (ICBM-152 template) (Evans et al. 1993; Collins et al. 1995; Fonov et al. 2011 ). The registered images were then classified into GM, WM, and cerebrospinal fluid using an automatic tissue classification algorithm that accounted for partial volume effects (Zijdenbos et al. 2002; Tohka et al. 2004) . For each MR volume, the inner surface of the cortical GM was extracted using the marching cubes algorithm (Lorensen and Cline 1987) . Following this, the surface was adjusted based on the gradient at the gray-white boundary, and the outer surface of the cortical GM was constructed using the Constrained Laplacian-based Automated Segmentation with Proximities (CLASP) algorithm, for each hemisphere separately, resulting in 4 surfaces of 41 962 vertices each (Kim et al. 2005) . Cortical surfaces were registered to a template to establish vertex correspondence between subjects. Subsequently, a reverse linear transformation to native image space was performed to estimate cortical thickness at each of 81 924 cortical vertices (using the t link metric representing distance between outer and inner cortical surfaces) . Vertex-wise CSA was measured by calculating the area of each triangle in the middle cortical surface, and the area assigned to any vertex was onethird of the total area of all triangular facets adjoining it (Lyttelton et al. 2009 ). The CT and CSA images were then each blurred using a 20-mm surface-based diffusion blurring kernel in preparation for statistical analyses (Chung and Taylor 2004) .
Automatically extracted GM and WM surfaces used for CT and CSA were manually inspected for any segmentation irregularities. Estimations of cortical surface structure in the insula are unreliable because of the lack of a clear WM boundary. Likewise, cortical structure measurements near the amygdala are unreliable because of the lack of a clear boundary between cortical and non-cortical GM. For these reasons, results in these regions must be treated with caution. To visualize the results, CT and CSA maps were then projected onto a study-specific template on an average mid-gray cortical surface, which was created by averaging the T 1 images across all participants.
Seed Selection for Structural Covariance Analysis
Seed-based analysis of anatomical covariance was performed using the MACACC approach ) using methods described previously (Bernhardt et al. 2013; Sharda et al. 2014; Valk et al. 2015) . MACACC measures the Pearson correlation coefficient, across subjects, between structural metrics (CT or CSA) at a seed vertex and at each of the other vertices to generate a group map of covariance. All statistical analyses were performed using SurfStat (http://www.math.mcgill.ca/keith/surfstat/) in the MATLAB environment (Mathworks Inc., http://www.mathworks. com). Random field theory was used to correct for multiple comparisons (Taylor and Worsley 2007; Chung et al. 2010) .
Intrinsic connectivity network loci involved in speech and semantic knowledge ( part of the canonical fronto-temporal circuitry) were identified from previous literature (Seeley et al. 2009; Zielinski et al. 2010) . To map structural covariance networks involved in language, these loci and their right hemisphere homologues were used as seed regions. The seed regions of interest (ROIs) were defined as spheres of 4 mm radius around coordinates in the MNI space. They included left inferior frontal gyrus (IFG; MNI coordinates: x = −50, y = 18, z = 7; containing Broca's area), right IFG (x = 50, y = 18, z = 7), left superior temporal pole (STP; x = −38, y = 10, z = −28), and right STP (x = 38, y = 10, z = −28).
Statistical Analysis
A vertex-wise general linear interaction model was used to compare SCNs seeded from the ROIs between the TD and ASD groups as in previous studies (Bernhardt et al. 2013; Sharda et al. 2014; Valk et al. 2015) . All models had age, IQ, and site as covariates and mean thickness/surface area of seed ROI as the variable of interest. All continuous variables (e.g., age, IQ) were mean-centered to make the interpretation of intercepts more meaningful (Enders and Tofighi 2007) . For both CT and CSA, an additional covariate term was added to the model to account for individual differences in brain volume and/or head size, using the "proxy measure of brain volume" ( pBV) method of Karama et al. (2011) .
For each vertex i, a linear model was fitted to calculate:
(a) Group differences in CT/CSA Y i = β 0 + β 1 × age + β 2 × site + β 3 × IQ + β 4 × pBV + β 5 × group, where Y was either CT or CSA (b) Seed-based structural covariance:
Y i = β 0 + β 1 × age + β 2 × site + β 3 × IQ + β 4 × pBV + β 5 × Seed, for within-group analyses Y i = β 0 + β 1 × age + β 2 × site + β 3 × IQ + β 4 × pBV + β 5 × group + β 6 × Seed + β 7 × Seed × group, for between-group analyses (c) Modulation of SCN with language and communication measures after controlling for symptom severity Y = β 0 + β 1 × age + β 2 × site + β 3 × IQ + β 4 × pBV + β 5 × CELF-4 + β 6 × CCC-2 + β 7 × SRS + β 8 × Seed + β 9 × Seed × CELF-4 + β 10 × Seed × CCC-2, for ASD only.
This design enabled the investigation of whole brain patterns of seed-based structural covariance in each group as well as between groups. The comparison of the models for each group reflected the covariance strength between cortical thickness of the seed region and the cortical thickness in the rest of the cortex across both groups. Reduced covariance between groups was considered to reflect altered patterns of anatomical development. The modulation of covariance strength by language and communication measures (LM) (CELF-4 or the CCC-2) in the ASD group was also assessed by the same model (c), by assessing the contrast of Seed × LM for CELF-4 or CCC-2, respectively. A subsequent analysis using 2 separate models for CELF-4 and CCC-2 modulations yielded the same results as 1 single model. Resulting anatomical correlation maps for all models were thresholded at cluster level of P < 0.025 and corrected for family-wise error (FWE) due to multiple comparisons based on the random field theory at P < 0.05 (2-tailed) (Taylor and Worsley 2007) .
Results
Sample Characteristics
To characterize language and communication skills in ASD, behavioral data available from 25 ASD participants were examined. The ASD group performed below TD norms (Table 1) on both the language measures, including the CELF-4 (Paslawski 2005 ) and the CCC-2 (Bishop 1998). Pearson's correlations revealed that performance on the CELF-4 was best explained by cognitive ability as measured by the WASI (r = 0.75, P < 0.001), while performance on the CCC-2 was best explained by ASD symptom severity as measured by the SRS (r = 0.76, P < 0.001). Furthermore, the CELF-4 and the CCC-2 composite measures themselves were not correlated (r = 0.32, P = 0.12). The only subtest on the CCC-2 that was correlated with CELF-4 was the syntax subtest (r = 0.48, P = 0.02), further confirming that the 2 tests measured distinct aspects of behavior, with respect to language and communication.
Developmental language delay was only present in 4 out of the 25 children for whom detailed behavioral measures were present and hence could not be used as a factor in subsequent analysis.
Group Differences in CT and CSA
Surface-based measurements of CT and CSA revealed significant differences between ASD and TD ( Fig. 1 ) after controlling for effects of age, IQ, site, and brain volume. The differences primarily reflect increased CT in ASD (vs. TD) in left temporal, left angular gyrus, and bilateral frontal regions (P < 0.05, FWE-corrected). There were no areas of decreased CT in ASD versus TD. Similarly, ASD also showed significant CSA increases versus TD in right posterior temporo-occipital and superior medial regions (P < 0.05, FWE-corrected). There were no areas of decreased CSA in ASD versus TD.
Seed-Based Fronto-Temporal SCNs
Seed-based SCNs (for both CT and CSA) were subsequently identified using language-based ROIs in left and right IFG and left and right STP. For CT SCNs, networks seeded from both left and right superior temporal pole ROIs showed significant reduction in ASD compared with TD (Figs 2a,b and 3a,b; P < 0.05, FWE-corrected).
While the left STP networks for TD showed increased covariance with target regions in the ipsilateral frontal areas ( Fig. 2) , the networks for ASD showed significantly reduced covariance in bilateral frontal regions compared with the TD group (Fig. 3a) . Right STP networks for the ASD group demonstrated reduced covariance with frontal regions in the right hemisphere alone, as reflected in Figure 3b . There were no differences between groups in CSA SCN maps for language. Structural covariance networks seeded from left IFG in TD covered a large expanse bilaterally, especially in frontal and temporal areas. The extent of this SCN was relatively smaller in the ASD group, particularly in bilateral temporal regions, though this result did not reach statistical significance in the group interaction analysis (P > 0.05; Fig. 2c ). Networks centered on right IFG, however, showed reduced covariance with bilateral temporal and left frontal regions in ASD compared with TD ( Fig. 2d ; P < 0.05, FWE-corrected). These differences were especially significant in left medial frontal and right posterior regions, where the interregional covariance was different across groups, also reflected in the interaction plot in Figure 3c . A summary of results can be found in Table 2 . 
Modulation of Cortical Structure and Covariance by Language Ability
Correlational analyses of CT versus language ability as measured by CELF-4 revealed that language ability negatively modulated cortical thickness in bilateral temporal and left medial frontal regions in ASD (Fig. 4a, P < 0.001) . In other words, poorer language ability was related to greater cortical thickness in ASD as reflected in the scatter plot in Figure 4b . To further investigate this effect, the ASD group was subdivided into language-normal (LN, CELF-4 score >90) and language-impaired subgroups (LI; CELF-4 score < 90) based on the median split of their CELF-4 core language standard scores. Subsequently, group differences in the CT and CSA maps were examined. As shown in Figure 4c , the ASD-LI group showed cortical thickening compared with the ASD-LN group in some of the same fronto-temporal regions modulated by CELF-4 ability ( Fig. 4a) . There was no effect of CELF-4 on CSA. Communication abilities of the ASD group as measured by the CCC-2 were not related to either CT or CSA (P > 0.05).
To study the modulation of fronto-temporal SCNs by behavioral scores of language ability, parametric terms were included for interaction between the seed of interest and the language measure. Results revealed that both the left STP and the left IFG networks were positively modulated by CELF-4 scores. For the left STP networks, the CELF-4 scores increased covariance between target regions in the right STP (only at a vertex level P value), reflecting increased interhemispheric covariance associated with better language ability. For the left IFG networks, the CELF-4 scores positively modulated covariance in ipsilateral temporal and bilateral motor target regions ( Fig. 4d , P < 0.05, FWE-corrected). The CCC-2 score did not modulate any of the canonical fronto-temporal SCNs.
Discussion
The present study examined and contrasted the roles of language and communication abilities on cortical structure and covariance of fronto-temporal networks in a sample of high-functioning, school-age children with ASD, in comparison to a group of TD controls. Results revealed significant differences in both cortical structure and covariance in ASD compared with TD. These included increased cortical thickness as well as reduced structural covariance especially in the fronto-temporal brain regions. Furthermore, differences in both cortical structure and covariance were modulated by the structural language abilities of the ASD group as measured by the CELF-4 but not their communication abilities, as measured by the CCC-2. In other words, individuals with ASD who had poorer language abilities also had greater cortical thickness in fronto-temporal brain regions. These findings indicate the importance of considering structural language abilities, in the study of altered fronto-temporal cortical structure and covariance in ASD. They also suggest that "diagnostic specifiers," such as language, can be much more useful tools for understanding heterogeneity in clinical samples, compared with either symptom severity or cognitive ability.
Altered Cortical Thickness and Surface Area in ASD Versus TD
Alterations in CT and CSA in ASD (vs. TD) were observed in largely nonoverlapping regions but still involving frontal and temporal cortices. In particular, increased CT in ASD was observed in association and higher order language cortices, mainly in the left hemisphere. Increased CSA in ASD was observed in motor cortices and temporo-occipital regions, mainly in the right hemisphere. These findings provide evidence for regional structural differences in networks subserving socio-communicative and language functioning, and are consistent with previous findings in ASD (Doyle-Thomas et al. 2013; Sharda et al. 2014; Zielinski et al. 2014; Balardin et al. 2015; Foster et al. 2015; Osipowicz et al. 2015) . The atypical increase in CT and CSA in ASD is also consistent with histopathological findings from recent postmortem studies (McKavanagh et al. 2015 ) that showed wider minicolumn and axonal bundle width in ASD in similar temporal and frontal regions. A very recent study by Scholtens et al. (2015) has demonstrated that automated measurements of cortical thickness from MRI images correspond to the "width of the cortical mantle" as measured by the histological measurements of von Economo neurons in the cortex, using a cross-validation technique. It has also been speculated ) that brain regions with similar trajectory abnormalities in ASD may share conserved embryologic, genetic, molecular, or cellular, or network connectivity characteristics. Indeed, the trajectory of total brain volume and cortical thickness in ASD may reflect abnormal underlying cellular/molecular processes and synaptic pruning underlying atypical connectivity. Furthermore, the nonoverlapping differences in CT and CSA support the notion that these metrics have distinct spatial distributions and represent independent aspects of cortical structure (Hogstrom et al. 2013; Libero et al. 2014; Ecker et al. 2015; Foster et al. 2015) . Cortical thickness, for example, reflects axon and dendrite remodeling, myelination, and synaptic pruning in a dynamic process lasting from birth into adulthood and is related to number of neurons in a cortical minicolumn (Pontious et al. 2008; Hogstrom et al. 2013) . Cortical surface area, in contrast, reflects the process of neural stem cell proliferation and migration early in embryologic development, reflecting the number of minicolumns themselves (Rakic 1995) . Thus, findings of early brain enlargement in ASD appear to be preferentially driven by CSA rather than CT (Hazlett et al. 2011) , suggesting the further need to identify the specificity of atypical neuropathology in ASD to better understand the disorder. However, despite some consistencies, there are also differences between current and previous findings of cortical structure in ASD. For example, Haar et al. (2014) found no significant structural brain differences in terms of either surface-based or volume-based metrics in a large sample (n = 1000) of ASD versus TD individuals. In contrast, Osipowicz et al. (2015) found decreases in GM volume in brain regions including the thalamus, cerebellum, anterior medial temporal lobes, and orbitofrontal regions in ASD versus TD in the same sample. There are many such contradictory findings of increased as well as decreased cortical thickness and GM volume-based differences, impeding the emergence of a consistent pathophysiology of ASD (Amaral et al. 2008; Ecker et al. 2015; Lainhart 2015) . These inconsistent findings across ASD studies are likely due to different criteria for quality control of images, methods used to measure brain structure as well as subject inclusion criteria, and signal the importance of controlling these factors to find reliable differences in cortical structure. Furthermore, the heterogeneity of phenotypes, even in the higher functioning (IQ > 75) range of ASD, emphasize the importance of including behavioral characteristics such as language functions, as done here, in models of analysis. This would not only lead to better characterization of samples, but also to determine the factors that can best explain brain structural differences in ASD.
Disturbance of Structural Covariance Networks of Language in ASD Versus TD
The present study revealed significantly reduced covariance in ASD (compared with TD) in networks seeded from fronto-temporal locations. Altered SCN structure was most prominent in the left anterior temporal lobe networks in ASD. The anterior temporal lobe in ASD has been implicated in semantic processing (Eyler et al. 2012) , and more recently in socio-emotional regulation, theory of mind processes (Olson et al. 2007) , as well as language and multimodal perceptual analysis (Bi et al. 2011) . Reduced inter-and intrahemispheric covariance was also found in temporo-frontal regions, reflecting reduced brain lateralization of language networks in ASD, consistent with previous findings from functional imaging studies (Flagg et al. 2005; Lindell and Hudry 2013; Nielsen et al. 2014) . Interhemispheric interaction has long been a focus of developmental models for learning and cognition, as well as genetic and neurodevelopmental disorders (Paul et al. 2007 ). In addition, reduced covariance of left temporal rather than left frontal regions in high-functioning children with ASD likely reflects impairment in overall structural language function rather than speech alone (Courchesne and Pierce 2005; Groen et al. 2008) . This is especially apparent in contrast to a previous study that identified fronto-temporal SCNs in low-functioning children with ASD in the left IFG (Sharda et al 2014) . Reductions in fronto-temporal SCNs in the Sharda et al. (2014) sample were particularly governed by verbal ability (VIQ < 70), suggesting that left IFG SCNs are modulated by verbal ability but left TP SCNs are modulated more by global language function in a subgroup of higher functioning individuals with ASD.
Reduced SCNs have been shown to reflect atypical cortical development in terms of reduced connectivity (anatomical or functional), or decoupling between specific regions (Voss and Zatorre 2015) . While both CT and CSA contribute to the development of the cortex, our findings of reduced SCNs in ASD were only found in terms of CT, but not in CSA. These findings suggest that GM differences in ASD are due to CT (rather than CSA) and thus reflect atypical dendritic arborisation, pruning, and myelination, rather than altered cell division and cell number (that are characteristic of CSA) McKavanagh et al. 2015) .
These results are consistent with previous functional and structural studies implicating altered connectivity between frontal and posterior regions associated with both language and communication functions in ASD (Kana et al. 2006; Mason et al. 2008; Anderson et al. 2011; Eyler et al. 2012; Rudie and Dapretto 2013; Verly et al. 2013; Sharda et al. 2015) . Furthermore, these results are particularly important, because they also distinguish between patterns of interregional correlations in the same fronto-temporal network based on specific language skills. They also suggest that the variability in neuroanatomical (and functional) findings associated with language abilities may be driven by specific behavioral traits rather than global functional outcomes that are measured by tests of IQ.
Modulation of Cortical Structure and Covariance by Language Rather than Communication Ability in ASD
To examine the role of heterogeneity in language and communication abilities on cortical structure and covariance in ASD, 2 distinct behavioral tests, the CELF-4 and the CCC-2, were administered. Findings revealed that language abilities as measured by CELF-4 (rather than communication) negatively modulated brain structure in regions that showed atypical pathology in ASD, specifically, the bilateral temporo-frontal circuitry, suggesting a relation between this particular language phenotype and brain structure in ASD. Further subdividing the ASD group based on language ability measured by the CELF-4 also illustrated similar differences in CT ( Fig.  4c) . In other words, children with poorer language (ASD-LI) had thicker cortices than children with better language (ASD-LN) in some of the same temporo-frontal regions that showed atypical morphology in ASD versus TD ( Fig. 1) . There was, however, no relationship between CCC-2 and cortical structure. The main purpose of this median split analysis was to re-emphasize the result of the regression analysis and show that both the difference in means as well as the slope is significant. This implies that the relation between language ability and cortical structure in ASD might be reflected in the forms of language-impaired subgroups within the autism spectrum, further corroborating the relationship between language ability and altered cortical structure. Furthermore, if language is not explicitly characterized in this population, this might lead to further inconsistencies between studies that generally look at mean differences between groups matched on IQ but not on language ability.
Similarly, greater cortical covariance was positively modulated by better language abilities as measured by CELF-4. More specifically, better language ability as measured by CELF-4, increased structural covariance between left and right temporal areas as well as between left IFG and left temporal as well as bilateral motor regions. There were no effects of CCC-2 on cortical covariance. Even after removing symptom severity measured by SRS from the model (which partially overlaps with the construct measured by CCC-2 and is correlated with it), there was no effect of CCC-2 on cortical structure. This further confirms that language abilities (and not communication) may provide an additional explanation for differences in cortical structure and covariance development in ASD as well as account for significant variability across findings from different studies.
Contrary to our predictions, CELF-4 (and not CCC-2) modulated both cortical morphology and language network covariance in ASD, suggesting that despite not being a "core" impairment, language is a useful metric to define biologically meaningful and clinically relevant subtypes for ASD (Ousley and Cermak 2013; Lai et al. 2014) . These findings further suggest that structural language is an important factor in defining between-subject variability not just behaviorally, but also in the context of brain structure, much more than either symptom severity or IQ. A study that examined age, diagnosis, and IQ and their interactions to understand the variations in CT in ASD found that even after including all these factors, only 22% of the variance in CT in ASD was explained (Misaki et al. 2012) , suggesting that there were more profound factors affecting cortical development in CT, which are currently unaccounted for. Our study is the first to show a role of structural language in predicting differences in cortical thickness in school-age children with ASD. These findings also demonstrate that matching of age and IQ across participant groups is not enough in neuroimaging designs since, even within "high-functioning" subgroups, there is significant variability in ASD. As such, it might be better to maximize on the heterogeneity of the ASD phenotype rather than limit study designs to categorically matched groups. Using such dimensional approaches in study designs to account for phenotypic heterogeneity can help in better characterizing clinical populations, while maintaining sensitivity to detect brain differences and still not compromising the generalizability of findings. Additionally, the relationship between variation in language skills and cortical structure may be used to identify subgroups of ASD with similar etiology that might benefit from targeted treatments to improve language skills.
Limitations and Future Directions
The present findings indicate that structural language abilities, but not communicative functions, inform brain structural phenotypes in ASD. These findings suggest the importance of including such behavioral characteristics in the study of brain imaging in ASD. Given that substantial heterogeneity has been a limiting factor in ASD research, one way forward might be to take into account current and developmental language ability. However, there remain some limitations in the current study. These include a modest sample size limited to males, as well as a cross-sectional analysis in a relatively heterogeneous sample. Additionally, assessment of language and communication abilities only in the ASD group limits the generalized conclusions about cortical structure and covariance and their relation to these abilities in typical development. Furthermore, limitations of the surface-based analyses, such as vulnerabilities of the algorithm in regions such as the insula and the medial frontal lobe, should be kept in mind while interpreting the findings, as mentioned in the Methods section. Future studies should focus on adopting analytical approaches that incorporate symptom-based subtypes of ASD to better understand brain network architecture. It would also be informative to study the trajectories of different behavioral and language subtypes and their interaction with age, given that there are significant developmental differences in both CT and CSA in ASD (Doyle-Thomas et al. 2013; Zielinski et al. 2014 ). Finally, it will be important to replicate the present cross-sectional findings in longitudinal studies to further examine the impact of language abilities on both brain structure and functional brain networks in the same populations.
Conclusions
The present study examined and contrasted the roles of language and communication abilities on cortical structure and covariance of fronto-temporal networks in a sample of high-functioning, school-age children with ASD, in comparison to a group of TD controls. The results further illustrate the importance of structural language abilities as correlates of brain structural differences in ASD. These findings have several important implications for better understanding the etiology as well as heterogeneity of ASD and related neurodevelopmental disorders. Furthermore, they also have the potential for use as a biomarker to monitor treatments targeted toward improving language abilities in specific subgroups.
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